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Cloning of the Escherichia coli K-12 hemB Gene
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An Escherichia coli heme-requiring, heme-permeable mutant had no detectable 5-aminolevulinate dehydra-
tase or porphobilinogen deaminase activities. The gene which complemented this mutation was cloned to a
high-copy-number plasmid, and porphobilinogen deaminase activity was restored to normal levels, but the
synthesis of 5-aminolevulinate dehydratase increased 20- to 30-fold. A maxicell procedure confirmed that the
gene cloned was hemB.

The heme molecule is the prosthetic group of the hemo-
globins, cytochromes, catalases, and peroxidases. Modified
tetrapyrroles are the active moieties of the chlorophylls and
vitamin B12. The heme biosynthetic pathway consists of
eight enzymatically catalyzed steps.

In Escherichia coli, the heme genes encoding these en-
zymes are widely scattered on the genome (2, 3, 15, 26). Two
of the heme genes in E. coli have been cloned and se-
quenced: hemC (porphobilinogen deaminase [PBG-D]) (39)
and hemD (urogen cosynthase) (31). We report here the
cloning of hemB (5-aminolevulinate dehydratase or PBG
synthase [ALA-D]) from E. coli. ALA-D catalyzes the
dimerization of ALA to form the monopyrrole PBG. The
latter subsequently tetramerizes and leads to the various
tetrapyrrole intermediates in the pathway to heme. ALA-D
has been isolated and characterized from various sources
(12), including human (1), duck (35), and chicken erythro-
cytes (13), bovine liver (6, 14, 43, 44), mouse (7, 10), guinea
pig (40), plants (18, 20, 23, 36, 37, 38), and bacteria (Rhodo-
pseudomonas spheroides [5, 21], Rhodopseudomonas cap-
sulata [22], and Mycobacterium phlei [45]). While the en-
zymes from all sources appear to be octamers of subunits of
31 to 35 kilodaltons (kDa), there are significant differences in
susceptibility to chelating agents and activation by cations.
The human ALA-D gene has been cloned and sequenced by
Bishop et al. (4) and Wetmur et al. (41, 42). Cloning of the E.
coli hemB gene provides an opportunity to prepare enough
DNA to sequence the control and structural regions and to
prepare comparatively large amounts of the enzyme for
characterization and study.
The strains used in this study are listed in Table 1. A hemB

mutant was isolated by using the technique of neomycin
resistance to select for respiratory mutants (29, 30, 32).
Strain C600 was plated out on LB medium (34) supple-
mented with 50 pug of neomycin per ml. The 800 microcolo-
nies that arose spontaneously were screened for catalase
activity and ALA dependence. The mutant chosen (RP522)
was catalase negative, was unable to grow well on medium
supplemented with ALA, and did not accumulate porphyrins
in its growth medium.

Since the mutant was a presumptive heme mutant and
could not respire, it grew very poorly. It could not be
supplemented with heme since E. coli is impermeable to
heme. Therefore, RP522 was mutagenized to heme perme-
ability with N-methyl-N-nitro-N'-nitrosoguanidine. After
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mutagenesis, cells were spread on hemin-supplemented min-
imal medium, and medium- to large-sized colonies were
purified. One such strain chosen for further study (RP523)
required 10 ,ug of hemin per ml for growth on both minimal
medium (19) and rich peptone media, such as LB. In
addition, the strain was sensitive to 100 jig of actinomycin
per ml, whereas C600, the original parent, is resistant to this
concentration of the drug. Thus, it is likely that RP523
carries a defect which alters permeability and allows it to
utilize hemin from the medium and renders it sensitive to
actinomycin.
The hem mutation was mapped by using an F' kit. The

mutation was complemented with F'254 to yield heme pro-
totrophs but not with F'128 or F'152 and therefore lies within
the 8- to li-min map region containing hemB (ALA-D) and
hemH (ferrochelatase) (3). Enzyme assays were carried out.
All strains were grown to saturation in LB medium. Strains
harboring plasmids were grown in medium supplemented
with 50 jig of ampicillin per ml. Cells were washed as
follows: for the ALA-D assay, 50 mM sodium phosphate
buffer (pH 6.4); for the PBG-D assay, 0.1 M Tris hydrochlo-
ride (pH 8.2); for the ferrochelatase assay, 47.6 ,uM potas-
sium phosphate buffer (pH 7.8). All cells were suspended in
1 ml of the respective buffer and sonicated on ice for a total
of 90 s (with a 10-s interval between each 10-s sonication).
ALA-D activity was determined by using the procedure of
Sassa (33) scaled up four times with the following modifica-
tions. (i) The pH of the sodium phosphate was 6.4 instead of
5.8. (ii) The assay mixture contained 200 ,ul of assay mix plus
20 ,ul of the extract and 80 RI of sodium phosphate buffer. (iii)
The incubation time was 1.5 h. Activity is reported as A553
per milligram of protein. PBG-D activity was determined by
the following procedure. A 10-,I sample of the extract, 10 RI
of PBG (concentration, 1 mg/ml), and 80 plI of 0.1 M Tris
hydrochloride (pH 8.2) were incubated at 37°C for 2 h in the
dark; 1 ml of 1 M HCl was then added, and the precipitate
was removed by centrifugation. The spectrum of the super-
natant from 450 to 350 nm was recorded. Activity is reported
as A405 per milligram of protein. The procedure of Porra and
Jones (25) was followed for the ferrochelatase assay. Activ-
ity is reported as heme produced per milligram of protein
(nanomoles per milligram). Protein concentration was deter-
mined by the Bio-Rad method (Bio-Rad Laboratories, Rich-
mond, Calif.).
The mutant synthesized neither ALA-D (hemB) nor

PBG-D (hemC) but did synthesize a substantial amount of
ferrochelatase (Table 2).
To determine whether the isolated mutant carried a mu-
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TABLE 1. Strains, plasmids, and phage used in this study

Strain, plasmid, or Relevant genotype or phenotype' Source (reference)bphage

Strains
C600 CGSC
RP522 C600, but hemB This lab
RP523 RP522, but heme permeable This lab
HU1000 RP523(pSE103) This lab
HU1016 HU1000(phHU16) This lab
CSR603 phr-J recA uvrA6 D. Calhoun (28)
JL1002 RP523(pJL2) This lab
JL1102 C600(pJL2) This lab
JM101 A(lac-proAB) (F' traD36 proAB lacIq lacZAM15) U.S. Biochemical
JC7623 recB recC sbcB A. J. Clark (17)

Plasmids or phage
X SE6 E. coli genomic library ATCC (11)
pSE103 X cI857 Kanr ATCC (11)
pTZ18U U.S. Biochemical
phHU16 Hem' (from X SE6) This lab
pJL2 Hem' (from pTZ18U) This lab
F' kit CGSC
aOther genetic markers are C600, thr-l leuB6 thi-I lacYl tonA21 supE44 A- F-; CSR603, thr-J leuB6 proA2 argE3 thi-J ara-14 lacY) galK2 xyl-S mtl-l rpl-31

tsx-33 supE44 A F-; JM101, supE thi-1; JC7623, his4 ara-14 thr-I thi-l leuB6 proA2 argE3 rpl-31 lacY-I galK2 xyl-S tsx-33 sup-37(Am) X- F-.b CGSC, E. coli Genetic Stock Center, Yale University, New Haven, Conn.; ATCC, American Type Culture Collection, Rockville, Md.; U.S. Biochemical,
U.S. Biochemical Corp., Cleveland, Ohio.

tant allele for hemB or for some heme pathway regulatory
gene, the gene that complemented the mutation was cloned.
The cloning strategy is presented in Fig. 1. An E. coli
genomic library in X SE6 (11) was introduced by bacterio-
phage infection into HU1000, the hem mutant carrying a
cloned temperature-sensitive allele of the gene encoding the
A phage repressor protein. Under these conditions, this
phage behaves as a phasmid, a single-copy plasmid (11).
Hem' colonies were selected on minimal medium lacking
hemin. A total of 20 such colonies were purified, and
phasmid DNA was isolated (9) from 13 of them. The phasmid
DNA was prepared from the phage by the method of Kaslow
(16) with the following modification. The DNA was precip-
itated at 80°C for 30 min and centrifuged at 10,000 x g at 4°C
for 25 min. The DNAs were amplified by transfection into
JC7623 (8), which allows the DNA to be incorporated into
phage particles, and subsequent growth of phage lysates.
The phage lysates (19) from many of the Hem' transduc-
tants had low titers (<106 PFU/ml), but three of the trans-
ductants produced phages that gave relatively high titers
upon growth (108 to 1010 PFU/ml). One of these transduc-
tants, HU1016, was chosen for recloning of its insert.
The phasmid (phHU16) isolated from HU1016 contained a

17-kilobase (kb) insert of E. coli genomic DNA. Since we
believed that we had complemented a hemB mutation with

TABLE 2. Activities of heme biosynthetic enzymes in wild-type
strains and strains constructed in this study

Activity ofP:Strain
ALA-D PBG-D Ferrochelatase

RP523 0 0 0.319
HU1016 0.41 0.21 0.630
C600 0.41 0.37 0.927
JL1002 10.05 0.33 0.670
JL1102 8.30 0.32 0.606

a For units of activity, see text.

the phasmid, and the lac operon has been mapped close to
hemB (2, 3, 15, 26), we tested the ability of HU1016 to grow
on medium containing lactose as a sole carbon source to
determine whether the phasmid also carried the lac locus
which would complement the lacY mutant allele of HU1016.
The strain could not grow on medium containing lactose as a
sole carbon source. A second phasmid carrying hemB was
also tested for the lac locus. It, too, did not complement the
lac Y mutation of HU1016.
The Hem' transductant strain was assessed for its ability

to synthesize heme pathway enzymes. The transductant,
which carries the single-copy phasmid DNA, produced
wild-type levels of ALA-D, PBG-D, and ferrochelatase.
Thus, the insert carried by the phasmid restored the enzyme
activities lost by the mutant.
The phasmid DNA (16) was partially digested with Sau3A,

and the DNA was ligated with plasmid pTZ18U at its BamHI
site, which is located in a lacZ gene. Resulting plasmids were
transformed into JM101, and white colonies were selected
on medium with X-Gal (5-bromo-4-chloro-3-indolyl-p-galac-
topyranoside). DNA was prepared from purified white col-
onies and used to transform RP523 to heme prototrophy.
One such plasmid, carrying the gene for heme prototro-

phy, was found to have a 7-kb insert (pJL1). This plasmid
was double digested with BamHI and EcoRI, and the frag-
ment was recloned into pTZ18U (pJL2). A 2.85-kb fragment
contained the gene. Digestion of this fragment with Sall or
HindIll abolished gene activity. The fragment was not cut by
the following enzymes: EcoRI, BglII, BamHI, Sacl, XbaI,
KpnI, and MboI. A partial restriction map of the fragment is
shown in Fig. 1. Strains carrying the plasmid produced about
20 to 30 times the wild-type levels of ALA-D and normal
levels of PBG-D and ferrochelatase (Table 2).
A maxicell protocol (27) was used to determine which

genes were cloned on pJL2. The plasmid was transformed
into CSR603, and the maxicell procedure was carried out.
CSR603 was transformed with pTZ18U and pJL2 (19). The
method of Sancar et al. (27) was followed with the following
modifications. (i) CSR603 and its derivatives were grown in
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FIG. 1. Strategy for cloning hemB.

M9 (19) with 1% Casamino Acids (Difco Laboratories,
Detroit, Mich.) and supplements of threonine, leucine, pro-
line, and arginine at 50 ,ug/ml each and thiamine at 5 ,ug/ml.
(ii) Cells were irradiated at a density of 2 x 108 cells per ml
in a glass petri dish, with rotary shaking for 6 s at a distance
of 60 cm from a Westinghouse Sterillamp G15T8. (iii) Cells
were grown at 37°C for 2 h after irradiation, and D-cyclose-
rine was then added at a final concentration of 4 jig/ml (24).
Incubation continued for 14 h. (iv) After being washed, cells
were suspended in buffer depending on the enzyme assay to
be performed and sonicated if enzyme assays and nondena-

turing electrophoresis were to be performed. After UV
irradiation and subsequent growth of the cells, extracts were
prepared. These extracts were assayed for enzymatic activ-
ity and analyzed on polyacrylamide gels. The extracts had
100 times the normal ALA-D activity of CSR603(pTZ18U).
pJL2 directed the production of two proteins which have
subunit sizes of 28 and 38 kDa, as determined when they
were resolved on sodium dodecyl sulfate-polyacrylamide
gels (Fig. 2). The control plasmid pTZ18U directed only the
synthesis of a 28-kDa protein, which is the 0-lactamase
synthesized by the amp gene on the plasmid. Nondenaturing
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FIG. 2. Autoradiogram of proteins produced in the presence of
[35S]methionine in the maxicell procedure (19, 24, 27). The proteins
were analyzed on sodium dodecyl sulfate-10% acrylamide disc gels.
Lanes: 1, CSR603; 2, CSR603(pTZ18U); 3, CSR603(pJL2). Lane 1
was blank. Coomassie blue staining of these samples and standards
showed that the band in lane 2 had a molecular size of 28 kDa
(1-lactamase [BLA]) and bands in lane 3 had molecular sizes of 28
(P-lactamase) and 38 (ALA subunit) kDa, respectively.

gels revealed three protein bands in addition to that of
P-lactamase (Fig. 3). These three bands had ALA-D activity
and probably correspond to different aggregations of sub-
units. PBG-D activity was not associated with the protein on
the gel. Thus, the hemB gene, and not some regulatory gene,
was cloned.

In summary, we have cloned the hemB gene of E. coli by
complementing a strain which harbors a mutant allele for
hemB. Strains which carry the cloned plasmid produced 20
to 30 times more ALA-D than wild-type strains did. The
maxicell procedure demonstrates that the plasmid encodes
one protein other than P-lactamase. This protein has a

subunit size of 38 kDa and has ALA-D activity in at least two
aggregated forms.
The mutation mapped to the general region where hemB is

found on the E. coli map (2, 15, 26). However, we could not
confirm its precise location as tightly linked to the lac locus.
According to the published map, lac is located less than 0.25
min away from hemB (2). The original phasmid from which
we subcloned the hemB gene contained a 17-kb insert. Since
1 map min contains 45 kb ofDNA (2), it was possible that the
phasmid would also carry the lac locus. This phasmid and a

FIG. 3. Autoradiogram of proteins produced in maxicell proce-

dure in the presence of [355]lmethionine. The proteins were analyzed

on a nondenaturing 10% polyacrylamide disc gel. Lanes: 1,

CSR603(pTZ18U); 2, CSR603(pJL2). The enzyme assay showed

that the bands indicated by arrows had ALA-D activity.

second one tested did not complement a lac Y mutation. It is
possible that the phasmids only carried E. coli genomic
material downstream from lac or that the distance between
hemB and lac is actually greater than that found previously.
We are testing other Hem' phasmids to determine whether
they carry the lac locus.
RP523 is deficient in both ALA-D and PBG-D activities.

The cloned plasmid which complements this strain overpro-
duces ALA-D but restores PBG-D activity to normal levels.
Since, as seen from the maxicell procedure, the plasmid
produces only one insert-associated protein and this protein
is ALA-D, the gene cloned must be the structural gene for
ALA-D and not some regulatory locus. However, it is
obvious that the hemB mutant allele must be affecting the
regulation of hemC, even though it maps a substantial
distance away. It is possible that the product of ALA-D
action, PBG, is controlling the expression of PBG-D. This
contention is supported by our previous observations (H.
Umanoff, R. Proenca, C. S. Russell, and S. D. Cosloy,
Abstr. Annu. Meet. Am. Soc. Microbiol. 1987, H129, p. 161)
that when grown on heme, heme-permeable strains which
are wild type or deficient in ALA synthase (hemA) have no
PBG-D activity unless ALA is added to the growth medium.
Presumably, the ALA is converted to endogenous PBG.
RP523, whichi has an absolute heme requirement for growth
and cannot make PBG, produces no PBG-D activity in the
presence of ALA. If PBG does in fact control the synthesis
of PBG-D, then RP523 should synthesize PBG-D when
grown on medium supplemented with PBG. However, we
found that RP523 did not produce PBG-D in the presence of
PBG. We believe that PBG does not permeate the cells, as
evidenced by the inability of hemA and hemB mutants to
grow on medium supplemented with PBG.
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